The crystal structure of recombinant murine liver cytosolic epoxide hydrolase (EC 3.3.2.3) has been determined at 2.8-Å resolution. The binding of a nanomolar affinity inhibitor confirms the active site location in the C-terminal domain; this domain is similar to that of haloalkane dehalogenase and shares the ␣͞␤ hydrolase fold. A structure-based mechanism is proposed that illuminates the unique chemical strategy for the activation of endogenous and man-made epoxide substrates for hydrolysis and detoxification. Surprisingly, a vestigial active site is found in the N-terminal domain similar to that of another enzyme of halocarbon metabolism, haloacid dehalogenase. Although the vestigial active site does not participate in epoxide hydrolysis, the vestigial domain plays a critical structural role by stabilizing the dimer in a distinctive domain-swapped architecture. Given the genetic and structural relationships among these enzymes of xenobiotic metabolism, a structure-based evolutionary sequence is postulated.
During the course of mammalian evolution, myriad catabolic pathways have evolved to defend against harmful environmental chemicals and their metabolites. For example, aromatic hydrocarbons such as styrene, stilbene, or benzo[a]pyrene can be oxidized in vivo to form mutagenic epoxides that readily alkylate nucleic acids. Olefinic terpenoid natural products can be similarly activated and oxidized to generate terpenoid epoxides with various reactivities and potencies (1) . The first line of chemical defense against xenobiotic-derived epoxides is the liver enzyme epoxide hydrolase (EC 3.3.2.3) (1-3), which exists as microsomal and soluble enzymes designated mEH and sEH, respectively; sEH is found in both the cytosol and the peroxisomal matrix of liver cells (4) (5) (6) (7) (8) . Both mEH and sEH hydrolyze epoxides to form vicinal 1,2-diols, which are typically less reactive, less mutagenic, and more rapidly excreted due to increased solubility (1, 9) . Accordingly, sEH activity is found to decrease the mutagenicity of epoxides in the Ames Salmonella assay (10) , and it decreases the induction of sister chromatid exchange by trans-␤-ethylstyrene (11) .
The catalytic mechanism of sEH proceeds through a covalent alkylenzyme ester intermediate with an active site aspartate nucleophile. Strikingly, hydrolysis of this intermediate requires that an oxygen atom of the enzyme is incorporated into the vicinal diol product with each turnover (12) (13) (14) . Enzymological studies of the related mEH isozyme (21% sequence identity) indicate an identical mechanism proceeding through an alkylenzyme ester intermediate (15) (16) (17) . Interestingly, GJ10 haloalkane dehalogenase (18) (19) (20) (21) and haloacid dehalogenase (22) (23) (24) from Xanthobacter autotrophicus each hydrolyze carbon-halogen bonds through mechanisms similarly involving an aspartate nucleophile and an alkylenzyme ester intermediate. These are the first and last enzymes, respectively, in the catabolism of 1,2-dihalogenated alkanes such as 1,2-dichloroethane and 1,2-dibromoethane. Like the parent styrene oxide of trans-substituted sEH substrates, these halogenated alkanes have been classified by the U.S. Environmental Protection Agency as hazardous air pollutants under section 112 of the Clean Air Act Amendments of 1990 (42 U.S.C. §7412) and are probable human carcinogens (25) .
The bacterial dehalogenases are genetically and topologically unrelated to each other, but each is seen to bear an individual and distant evolutionary relationship with sEH suggestive of an early gene fusion event (5) . Haloalkane dehalogenase is a member of the ␣͞␤ hydrolase family (19) (20) (21) 26) and shares 20% sequence identity with the C-terminal domain of sEH (5) . Haloacid dehalogenase adopts an unrelated ␣͞␤ fold (27, 28) and shares 20% sequence identity with the N-terminal domain of sEH (5, 29) . Despite inconclusively weak amino acid sequence identities, sequence gazing indicates conservation of the key catalytic nucleophile of each dehalogenase in both domains of sEH: Asp-8 of haloacid dehalogenase aligns with Asp-9 in sEH, and Asp-124 of haloalkane dehalogenase aligns with Asp-333 in sEH (5, 18, 29) .
It is curious that the sEH monomer contains two possible active sites-which one is involved in the catalytic hydrolysis of epoxide substrates? Moreover, how closely are the two possible active sites of sEH related to the individual active sites of haloalkane dehalogenase and haloacid dehalogenase? Finally, what is the chemical strategy to activate the epoxide ring for catalytically efficient nucleophilic attack? To address these questions, we now report the x-ray crystal structure of recombinant murine sEH (30, 31) determined by multiple isomorphous replacement and refined at 2.8-Å resolution (Tables 1  and 2 ). Additionally, the complex of sEH with the dialkylurea inhibitor N-cyclohexyl-NЈ-(3-phenyl)propylurea [CPU; K i ϭ 3.1 nM (32)] has been determined at 2.8-Å resolution. Diffraction data were collected from flash-cooled crystals by using Area Detector Systems Corporation charge-couple device area detectors at the Cornell High Energy Synchrotron Source (beamline A-1) and the Brookhaven National Light Source (beamline X12B). Data reduction was achieved with DENZO and SCALEPACK (33) . For phasing by multiple isomorphous replacement (MIR), initial heavy atom positions were determined in difference Patterson maps and refined with the program MLPHARE in the CCP4 suite (Table 1) (34) . The model was fit into an electron density map calculated with solventflattened noncrystallographic symmetry (NCS)-averaged MIR phases at 3.0-Å resolution by using SOLOMON (35) . Subsequent refinement and rebuilding of the native model were achieved with X-PLOR (36) and O (37), respectively. Individual B factors were refined and a bulk solvent correction was applied. In the final stages of refinement, the quality of the model was improved by gradually releasing the NCS constraints (w ϭ 1000 kcal͞mol⅐Å 2 ) into weighted restraints (w ϭ 10 kcal͞ mol⅐Å 2 ) as judged by R free. In the final model of the sEH dimer, the N-terminal Met-1-Leu-3 and the C-terminal Val-545-Ile-554 segments are disordered in both monomers. Additionally, monomer A contains two disordered loops: Ala-20-Glu-47 and Val-64-Ser-89. Per monomer, only 3 of 541 modeled residues adopt disallowed conformations. Refinement statistics are recorded in Table 2 . The atomic coordinates of native sEH and the sEH-CPU complex have been deposited in the Research Collaboratory for Structural Bioinformatics (RCSB) with accession codes 1CQZ and 1CR6, respectively.
MATERIALS AND METHODS

RESULTS AND DISCUSSION
Structure and Catalytic Mechanism. The sEH dimer has approximate dimensions 85 Å ϫ 75 Å ϫ 60 Å and is stabilized by a domain-swapped architecture (Fig. 1) . Each 62.5-kDa monomer is composed of two principal domains: the vestigial domain (N-terminal, Arg-4-Gly-218), which does not participate in epoxide hydrolysis; and the catalytic domain (Cterminal, Val-235-Ala-544). The catalytic domain exhibits a fold similar to that of the epoxide hydrolase from Agrobacterium radiobacter AD1, which lacks the N-terminal domain of the larger mammalian hydrolase; unfortunately, the structure of the bacterial hydrolase was determined in an inactive conformation (38) . The vestigial and catalytic domains adopt unrelated ␣͞␤ folds and are connected by a 16-residue, prolinerich linker (Thr-219-Asp-234).
Inhibitor binding in the sEH-CPU complex indicates that the active site for epoxide hydrolysis resides in the C-terminal domain, which we accordingly designate the catalytic domain (Fig. 1) . The catalytic domain of sEH adopts the ␣͞␤ hydrolase fold (26) similar in topology to that of haloalkane dehalogenase (19, 20) . The active site of sEH is located at the base of a 25-Å-deep, L-shaped cavity; this cavity contains a hydrophobic pocket at the base of the ''L'' (Fig. 2) . No major structural changes occur in the active site upon inhibitor binding, nor are there any significant tertiary or quaternary structural changes elsewhere in the sEH dimer. An unexpected trans,cis-dialkyl conformation is sterically required to fit the 15-Å-long inhibitor into the L-shaped active site cavity. Catalytic nucleophile Asp-333 is located near the bend of the ''L''. The only hydrogen bond made in the enzyme-inhibitor complex occurs between the phenolic hydroxyl group of Tyr-465 and the cis-isomerized urea nitrogen. The inhibitor cyclohexyl group binds deep in the hydrophobic pocket, and the phenylpropyl moiety of CPU extends toward the mouth of the active-site cavity; both take part in numerous van der Waals interactions with aliphatic and aromatic active-site residues. These binding interactions explain the structural preference for large inhibitor substituents that are complementary in size and shape to the hydrophobic pocket (39) (40) (41) (42) . Moreover, the high-affinity binding interactions of CPU explain why environmental exposure to commonly used alkylurea pesticides and herbicides can inhibit human liver sEH, which could pose *Rmerge ϭ ⌺͉Ii Ϫ ͗Ii͉͘͞⌺͉ ͗Ii͘ ͉, where Ii is the intensity measurement for reflection i, and ͗Ii͘ is the mean intensity calculated for reflection i from replicate data. † Riso ϭ ⌺͉͉FPH͉ Ϫ ͉FP͉͉, where FPH and FP are the derivative and native structure factors, respectively. ‡ Per monomer. § Phasing power ϭ ͗FH͘͞E where ͗FH͘ is the root-mean-square heavy-atom structure factor and E is the residual lack of closure error. a severe health risk by compromising our ability to detoxify mutagenic and carcinogenic epoxides (32) . The three-dimensional structures of sEH and the sEH-CPU complex interpreted in light of available enzymological data allow us to summarize a detailed structure-based mechanism for the activation and hydrolysis of an epoxide substrate (Fig.  3) . The carboxylate side chain of Asp-333 is the catalytic nucleophile (12) (13) (14) (15) (16) (17) ; its orientation is fixed by polar interactions with His-523 and the backbone NH group of Phe-265. Directly across the active site cavity from Asp-333 is the phenolic side chain of Tyr-465, which is suitably oriented to serve as a possible general acid catalyst to activate and accelerate the opening of the epoxide ring; Tyr-465 is flanked by edge-to-face interactions with Trp-334 and Phe-385 that would stabilize the intermediate phenolate anion. Parenthetically, we note that the side chain of Tyr-381 is also nearby, but because it is further away from Asp-333 and because it is not conserved in mEH, Tyr-381 is a less likely possibility for the role of general acid catalyst. Substituent effects measured for substituted epoxide substrates suggest that epoxide ring opening proceeds by an S N 2-like mechanism rather than an S N 1-like mechanism involving formation of a substrate carbocation (42) . This indicates that Tyr-465 and Asp-333 may function in concert to activate and open the epoxide substrate, resulting in the alkylenzyme ester intermediate. This is analogous to the role proposed for Tyr-215 and Asp-107 of the epoxide hydrolase from Agrobacterium radiobacter AD1 in an inactive conformation (38) .
The alkylenzyme intermediate is subsequently hydrolyzed by a water molecule promoted by general base His-523, which must break its hydrogen bond with Asp-333 to allow for an intervening water molecule. The basicity of His-523 is enhanced by two residues: (i) the negatively charged carboxylate side chain of Asp-495, and (ii) the partial negative charge of the indole ring of Trp-524. The six-member ring portion of the indole ring contacts His-523; upon protonation of His-523, it can take part in a classic cation-interaction (43) with Trp-524. It should be noted that all of the residues included in this mechanism are highly conserved in sEH and mEH as well as haloalkane dehalogenase. A notable exception is Tyr-465, which appears as phenylalanine in haloalkane dehalogenase. However, nucleophilic attack at the carbon-halogen bond in the first step of this enzyme mechanism does not require a proton donor because the negatively charged halide anion is a good leaving group. Thus, active site residues in each enzyme have diverged to accommodate strikingly different chemical steps required to hydrolyze xenobiotic substrates of highly variable chemical composition.
Vestigial Domain in Quaternary Structure Evolution. The N-terminal domain of sEH does not participate in epoxide hydrolysis, a conclusion based on 18 O incorporation experiments (12), site-directed mutagenesis of the catalytic domain (13, 31) , and the binding of the inhibitor CPU exclusively in the catalytic domain (Fig. 1) . Accordingly, we refer to the Nterminal domain as the vestigial domain. The vestigial domain bears some topology unexpectedly similar to haloacid dehalogenase despite inconclusively weak sequence identity of 20% (5, 29) ; however, sEH does not catalyze haloacid hydrolysis (unpublished results). Evolutionary remnants of a 13-Å-deep active-site cavity are clearly evident, with conservation of the key catalytic nucleophile (Asp-9 in sEH, and Asp-8 in haloacid dehalogenase (5, 18, 29) ) and other active-site residues, with the exception of Arg-39 of haloacid dehalogenase (28, 29) (Fig.  4) . Consequently, it is difficult to rationalize the lack of measurable catalytic function. The vestigial domain is unique to mammalian sEH and is not shared with mEH, plant epoxide hydrolases, or haloalkane dehalogenase (5) . Possibly, the appropriate substrate for the active site of the vestigial domain has not yet been identified.
Alternatively, the vestigial domain may have diverged through evolution to serve a completely different biological function. Surprisingly, the crystal structure reveals that this domain plays a critical role in the stabilization of a distinctive quaternary structure: the catalytic and vestigial domains are intertwined with each other in a putative domain-swapped architecture (Fig. 1) . ''Domain-swapping'' refers to an oligomeric structure in which one domain of a monomeric protein is displaced by the same domain of another monomer to form a stable dimer (44) . Each sEH monomer adopts an open conformation in which the catalytic and vestigial domains are held apart from each other by the proline-rich linker. Neither the active site of the catalytic domain nor the active site of the vestigial domain is close to any interdomain or interprotein interface. Although there is no crystal structure yet of an sEH monomer, the observation of catalytic activity for sEH dimers and monomers (45, 46) in solution leads us to postulate the existence of a stable monomeric structure exhibiting the closed conformation illustrated in Fig. 5 . Given the genetic relationships between sEH and haloalkane and haloacid dehalogenases summarized in the previous section, and given the structural implications of domain swapping for the evolution of protein quaternary structure (44), a complete, structure-based evolutionary sequence can be postulated (Fig. 5) . Briefly, an early gene fusion event linked the proteins ancestral to haloalkane and haloacid dehalogenase (5) . Although the evolutionary driving force for the subsequent dimerization of the resultant two-domain protein is unknown, it is possible that dimerization conferred some unique advantage to the organism-e.g., metabolic regulation as the organism evolved to handle new and͞or potentially toxic carbon sources. The linker segment between the two domains was sufficiently flexible to allow an equilibrium between closed and open conformations of the monomer, leading to the dimerization of two monomers in the open conformation. Subsequent destabilization of the closed conformation by amino acid substitutions in the hinge loop by incorporation of conformationally restrained proline residues (44) leads to increased stabilization of dimeric quaternary structure (the 16-residue linker between the vestigial and catalytic domains contains 5 proline residues). That an equilibrium between monomeric and dimeric sEH is implicated (45, 46) may indicate that the evolutionary change toward predominantly dimeric oligomerization remains in progress. 
